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REVIEW OF CONCEPfS CONCERNING BOND OF STEEL DECKING 
Mark Patrick! and Russell Bridge2 
SUMMARY 
It is well established that bond between deformed reinforcing bars and concrete is produced by three 
distinct actions: chemical adhesion; friction; and mechanical interlock. However, researchers of 
composite slab behaviour do not generally agree on the actions which produce bond between steel 
decking and concrete, and the concepts they have developed in this regard are reviewed. 
1. Introduction 
When the limit-state version of the Australian Concrete Structures Standard AS 3600 (SA 1988) was 
introduced, plain round bars were no longer permitted to be used as longitudinal reinforcement in 
reinforced-concrete members. Darvall (1987) explains that "Many types of deformed bars have been 
devised to increase mechanical interlock. In fact, plain round bars ... should not now be used (as 
longitudinal reinforcement) in reinforced concrete.". However, plain round bars undoubtedly develop 
much better bond than many types of steel decking. This raises the question as to what performance 
criteria those experienced in the design of reinforced-concrete beams and slabs would require to be 
met before they would permit steel decking to be used as "equivalent" longitudinal tensile 
reinforcement. 
Consequently, bond of deformed reinforcing bars is reviewed in the first part of this paper (Section 2). 
Specifically, attention is given to bars in tension in flexural members. The nature of bond, as it is 
perceived by researchers in the field, is described first (Section 2.1) and then some of the test methods 
used to study bond are considered (Section 2.2). Performance requirements established for this type of 
reinforcement, relevant to both the serviceability and strength limit states, are reviewed in Section 2.3. 
Some factors which influence the bond of deformed bars are considered in Section 2.4. In particular, 
the effect of lateral pressure is briefly reviewed since, as later discussed, this is an important factor for 
steel decking. 
It will be explained that researchers agree on the basic mechanisms by which deformed reinforcing 
bars bond with concrete. However, this is not the case for bond developed between steel decking and 
concrete where researchers have generally taken an empirical approach to predicting ultimate strength 
and therefore paid insufficient attention to the physical factors which affect bond. This is the subject 
of Section 3, in which a number of comparisons are made between the different approaches taken to 
assess the performance of reinforcing bars and steel decking. 
2 Bond of Deformed Reinforcing Bars in Tension 
2.1 Nature of Bond 
It has long been understood and is regularly restated in the latest literature on the subject, e.g. 
Andreasen (1989), Cairns (1992), Malvar (1992), Mor (1992) and Treece and Jirsa (1989), that bond 
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between deformed bars and concrete is produced by three distinct actions: chemical adhesion; friction; 
and mechanical interlock. 
Mor (1992) explains that adhesion is the fIrst action activated, and is partly the result of microscopic 
interlock of cement paste into imperfections of the steel surface, and partly chemical interaction 
between the two materials. He further explains that slip does not occur until adhesion is broken, after 
which friction and rib support (i.e. mechanical interlock) come into action. Adhesion is broken at very 
low stresses in the bar (Malvar 1992), while Park and Paulay (1975) and Warner et al. (1989) explain 
that the frictional resistance that develops between the steel and the concrete is dependent on the 
surface roughness of the bars, and also on the contact pressure on the interface which increases with 
time as a result of concrete shrinkage. However, it is generally agreed that these processes are only 
important for plain round bars, and Popov (1984) states, on the basis of fundamental work performed 
by Rehm (1968), that "It has been conclusively shown that adhesion and friction between the rough 
bar surface contribute little to the bond resistance (of deformed bars). Mechanical interlocking 
between lugs and concrete is principally responsible for developing bar anchorage. ". 
However, Treece and Jirsa (1989) argue that for uncoated bars, friction which develops at the inclined 
faces of the lugs or deformations against which the concrete bears can have an important effect on the 
bond developed by bars with limited confinement. This is explained as follows. Forces are 
transferred from the reinforcing bar to the concrete primarily by inclined compressive forces radiating 
out from the bar, and the radial components of these inclined forces are supported by circumferential 
tensile stresses in the concrete surrounding the bar (Abrisharni and Mitchell 1992, Warner et al. 1989). 
A "splitting" failure of the concrete may result, if, for example, the concrete cover is inadequate. 
Otherwise, the concrete fails in shear along a cylindrical surface at the extremities of the bar 
deformations, which is called a "pull-out" failure, e.g. (Abrisharni and Mitchell 1992). Park and 
Paulay (1975) explain that this will also occur if the ribs are high and closely spaced together (in effect 
approaching the condition of a plain bar). Treece and Jirsa explain that without friction (e.g. with 
epoxy-coated bars), the radial components are increased in magnitude for the same bond stress 
(determined by the magnitude of the longitudinal component of the inclined compressive forces) and a 
splitting failure will occur earlier if confmement is critical. 
Malvar describes another possible effect of friction. He explains that with proper confinement (i.e. in 
the absence of a splitting failure), the bond stress reaches a maximum before decreasing as the 
concrete between deformations fails and a frictional type of behaviour ensues. Park and Paulay 
explain that when a plain round bar slips, small dislodged sand particles wedge between the bar and 
the concrete. This sort of process also probably occurs during the latter stages of a pull-out failure 
when slip is sufficiently large, and is probably a part of the frictional type of behaviour referred to by 
Malvar. 
2.2 Test Methods 
Two crucial factors concerning bond tests are the determination of bond strength and the bond-stress 
vs slip relationship. However, both these factors are significantly affected by the form of the test 
specimen and there is still no straightforward method for obtaining this information. 
A frequently used method for studying bond is the pull-out test shown in Fig. 1. The embedded length 
is normally quite short, typically between 150 and 300 mm, so that slip will occur over the full length 
. of.the specimen. The cover to the bar maybe varied and the concrete may be unreinforced so that 
either a pull-out or splitting failure can occur. From this test, it is normal to calculate the average 
bond stress as the tensile force applied to the bar divided by the nominal surface area of the bar 
embedded in the concrete. Slip is normally measured relative to the front (loaded end) and/or rear 
(free end) faces of the concrete. Thus average bond-stress vs slip relationships can be readily 
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established. To some degree, the test simulates 
anchorage or development bond (Park and Paulay 1975) 
where a bar is cast into concrete not subjected to flexural 
cracking. However, transverse· compression develops 
against the bar at the front face of the block, which has a 
beneficial effect on bond, and is one of a number of 
features of the test (including direct compression on the 
concrete face) which are not typical of situations 
encountered in structures. Moreover, the distribution of 
bond stress (which follows the distribution of tensile 
force in the reinforcement) is far from uniform, and is a 
maximum at the front face of the block and progressively 
reduces to zero at the back face (Abrishami and Mitchell 
1992). Warner et al. (1989) recommend that the test data 
are mainly useful for comparative purposes, e.g. Mor 
(1992) uses the pull-out test in ASTM C 234 (ASTM 
1991) to compare the bond characteristics of bars with 
different types of concrete. 
Numerous alternative types of bond tests have been 
developed to better simulate the conditions which occur 
in flexural members subjected to bending and shear, e.g. 
Kemp (1986) describes a cantilever specimen which is Fig. 1 A Reinforcing Bar Pull-out Test 
subjected to combined bending and shear, and in which 
concrete covers, embedment lengths, and longitudinal and transverse reinforcement arrangements (e.g. 
spacing and depth) can be varied. Confinement under lateral pressure is another factor which occurs 
in structures which has been modelled. Normally the embedded length of the bars in the region to be 
studied is kept short so that bond failure occurs. 
Nevertheless, recent research has focussed on modifying the pull-out test shown in Fig. 1 to provide 
information about the bond-stress vs slip relationship of reinforcing bars under uniformly-distributed 
bond stresses (Abrishami and Mitchell 1992). 
2.3 Performance Requirements for Adequate Bond 
2.3.1 Introduction 
The Australian Standard for Steel Reinforcing Bars for Concrete AS 1302 (SA 1991) defines the 
geometry of deformations (and ribs) which must be satisfied for bars to comply with the Standard. In 
a similar manner, the British Standard for Carbon Steel Bars for the Reinforcement of Concrete BS 
4449: 1988 (BSI 1988) permits the bond performance of deformed bars to be classified according to 
surface shape, while classification by pull-out testing is also permitted in this Standard. 
The pull-out test in BS 4449 is a simple way of determining whether or not a particular type of 
deformed bar will develop adequate bond, in particular when it acts as longitudinal reinforcement in 
reinforced-concrete members. If a particular type of bar is deemed to be suitable by the method in the 
Standard, then it is implied that the members will perform adequately at both the serviceability and 
strength limit states. The performance requirements which have been generally established to define 
adequate bond of reinforcing bars for these conditions will be considered in the following sections, 
and compared with those established for steel decking in Section 3.3. 
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2.3.2 Serviceability Limit State 
Mathey and Watstein (1961) defined a "critical" or "usable" bond stress as the lesser of the bond 
stresses associated with either a free-end slip of 0.05 mm or a loaded-end slip of 0.25 mm in two-point 
beam tests. The free-end slip was measured at the ends of the beam and the loaded-end slip was 
measured at the start of each shear span beneath the loaded point. They suggested that, under service 
loads, the bond stress should not exceed this critical value to ensure that a bond failure would not 
occur at ultimate load. Park and Paulay (1975) explain that the slip at the loaded end of an embedded 
bar (i.e. at the face of a crack) is largely governed by the concentration of bond stresses in its 
immediate vicinity, and that therefore an increase of embedment length and a consequent lowering of 
the average bond stress has little effect on the slip at the loaded end before it exceeds 0.25 mm. They 
explain that the criterion established by Mathey and Watstein can be interpreted as limiting the width 
of flexural cracks to 0.50 mm (i.e. 0.25 mm slip on each side) under service loading. 
In ASTM C 234, it is recommended that the results of comparative pull-out tests should only be used 
for values of slip at the loaded end not exceeding 0.25 mm. In line with the approach taken by Mathey 
and Watstein, Mor (1992) explains that "This value is the upper limit for acceptable bond slip, after 
which the expected damage to the structure is too large for service conditions. ". 
Choi et al. (1991) and Treece and Jirsa (1989) use crack width and crack spacing as a means of 
assessing the effect that epoxy-coated bars have on member behaviour, noting that increased crack 
widths are normally associated with increased crack spacing and are indicative of reduced bond. In 
both studies, however, the performance of beams with coated bars is simply compared to that of beams 
with uncoated bars, and an absolute value of crack width is not specified. Cairns (1992) also uses 
crack width and crack spacing to compare the bond developed by uncoated and coated bars, explaining 
that it is important to limit crack widths for reasons of aesthetics and durability. 
Of course, in practice it is the crack width measured at the extreme face (rather than at the height of 
the longitudinal bars) of a flexural reinforced-concrete member which affects aesthetics, and which is 
also used in design to assess durability, e.g. Warner et al. (1989). Permissible crack widths also vary 
depending on the exposure condition. Furthermore, equations developed for calculating the maximum 
crack width at an extreme face under service loading show that a number of other parameters apart 
from the stress in the bar can have an effect. Some examples of these are the concrete cover measured 
to the tensile face, and the ratio of the distances from the tensile face and the height of the 
reinforcement to the elastic neutral axis. This no doubt explains why Choi et al. (1991) and Treece 
and Jirsa (1989) do not nominate a specific limit, although Cairns (1992) chooses to compare 
maximum crack widths measured in tests with the normal limit of 0.3 mm specified in BS 8110 (BSI 
1985a,b) which could be misleading. 
Vertical deflection of flexural members is another important aspect of serviceability design, and 
Treece and Jirsa also use this as a means of comparing the bond developed by different types of bars. 
Cairns cites a Japanese study in which deflections were also considered. However, it is important to 
note that in both these studies, only the magnitude of deflection was considered. It was not deemed 
necessary to consider the effect that the different bond characteristics might have had on the shape of 
the load-deflection curves, presumably because any differences would be imperceptible. Moreover, 
under immediate loading, reinforced-concrete flexural members are known to exhibit a smooth 
transition between uncracked and cracked behaviour, at least with regard to their overall load-
deflection response, and it is always assumed that this is the case when they are designed for 
serviceability. 
However, the bond developed by steel decking varies very significantly between products, very much 
more than that which arises when comparing uncoated and coated deformed bars. This is highlighted 
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by the vast differences between the shapes of the load-deflection curves of composite slabs 
incorporating different commercially-available products (patrick 1989). Moreover, if the bond is 
weak, the curves exhibit significant discontinuities, and in such cases steel decking is very inferior 
reinforcement compared with deformed reinforcing bars. Control of crack widths also effectively 
becomes impossible. It is clear from the discussion above that reinforced-concrete researchers would 
deem such performance to be completely unacceptable. 
2.3.3 Strength Limit State 
The approach normally taken in the design of reinforced-concrete beams and slabs is to detail these 
members such that bond failures will not occur at ultimate load, whereby the tensile capacity of 
longitudinal reinforcement at critical or controlling cross-sections can theoretically be fully developed. 
Therefore, these cross-sections are designed to achieve their flexural capacity (vertical shear excepted) 
which, for composite slabs, is termed full or complete shear connection. Reinforcement can be 
curtailed as necessary to improve economy, although this requires the moment capacity of more cross-
sections to be checked. 
For this approach to be possible, the anchorage requirements of the type of reinforcement being used 
(bars or fabric) must be known. More specifically, it is necessary in practice that the mechanical 
interlock developed by the reinforcement exceeds a certain minimum amount per unit length of bar. 
This is the basis on which the BS 4449 pull-out test mentioned in Section 2.3 is founded, although the 
value to be achieved is specific to the arrangement tested and to the strength of the concrete specified, 
and no general guidance is given in the Standard on these issues. From the results of beam tests, 
Darwin et al. (1992) describe how the average bond stress at failure has been empirically related to a 
number of parameters such as the tensile strength of the concrete (represented by the term --.If c), bar 
cover, clear spacing and diameter, etc. Therefore, a simple definition of this performance requirement 
has not been established for reinforcing bars, and once again (as for the serviceability condition) it is 
common to compare the performance of a new or coated bar with that of an existing or uncoated bar 
rather than assessing their performance against established criteria such as set down for the pull-out 
test in BS 4449, e.g. Choi et al. (1991) use the ratio of the bond strength of coated bars to the bond 
strength of uncoated bars as the "chief measure" for assessing the effects of epoxy coating. 
2.4 Influencing Factors 
From the discussion above concerning the bond of deformed reinforcing bars, it is obvious that many 
complex phenomena influence behaviour. This is affected by such factors as: the geometry of the 
deformations; bar diameter; bar transverse spacing; steel yield strength; concrete cover; depth of 
concrete below the bar; transverse reinforcement; concrete type and compressive strength; etc. It is 
beyond the scope of this paper to discuss the effects of these factors in detail. However, another factor 
which has received attention in the literature is lateral pressure, e.g. Navaratnarajah and Speare (1986) 
and Malvar (1992). 
In the American Concrete Institute Reinforced-Concrete Code (ACI 1989), it is permissible to account 
for improved anchorage conditions resulting at the ends of longitudinal bars when the reaction at the 
supports causes transverse compression. 
Navaratnarajah and Speare have studied the influence that normal pressure applied locally to one face 
of a concrete block in the region of embedded reinforcing bars has on bond performance. In 
particular, they had deep beams in mind (e.g. a pilecap), where large reactions acting at the underside 
of the members confine the ends of the bottom-face, tensile reinforcement. Without elaborating on the 
details of their findings, in particular they concluded that lateral pressure increased the bond stress at 
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failure by about 60 per cent depending on the type of bar tested, but reached a limiting value at about 
25 per cent of the compressive strength of the concrete due to the influence of different failure 
mechanisms. 
Malvar performed pull-out tests on bars embedded in small, unreinforced concrete cylinders subjected 
to constant, uniform radial pressure. The bar was initially tensioned until it longitudinal split formed, 
and then the load was released. The load was then reapplied until a large slip was attained. He 
concluded that the influence of confinement could not be properly established prior to splitting. 
However, once the concrete had split, the radial pressure on the bars was significantly increased. The 
confinement stress was then clearly influential, and the maximum average bond stress could be 
significantly increased by increasing the pressure. The shape of the average bond-stress vs slip 
relationships were also significantly affected at this stage. A physical explanation was not offered for 
the post-splitting behaviour, e.g. friction. 
3. Shear Connection Performance of Steel Decking acting as Longitudinal Tensile 
Reinforcement 
3.1 Nature of Shear Connection 
When considering composite slabs, the characteristics of the bond developed between the concrete and 
steel decking will be referred to as shear connection performance. This change in terminology is 
useful because "shear connection" is a term used to describe the interconnection between a steel beam 
and a solid or composite slab to form a conventional composite beam using discrete shear connectors 
which primarily resist longitudinal shear. 
Within the technical literature on composite slab behaviour, synonymous terms for failure of the shear 
connection when a slab attains its ultimate strength are a "shear-bond" failure, a "longitudinal shear" 
failure, or the preferred term in this paper of a "longitudinal slip" failure. Since the early 1960's, at 
which time it was recognized, at least in principle, 
that chemical adhesion (or adhesion bond) aM 
friction had some role in resisting slip, an extensive 
literature on the subject has been published. It was 
also widely understood at the time that bond could 
be improved by indenting the steel surface (Chien 
and Ritchie 1993). 
A large proportion of this literature concerns the 
reporting of tests on slabs which have failed in 
longitudinal slip. However, it will be pointed out 
that the emphasis has generally been to describe the 
overall behaviour of the slabs when. tested to 
failure, and that it is only in the more recent 
literature that any detailed consideration has been 
given to the behaviour of the shear connection. 
This has necessitated the testing of small-scale 
specimens, and the most significant of these are Fig. 2 
reviewed. in detail in Section 3.2.2. However, 
many prominent researchers in the past have 
doubted using the results of small-scale tests in 
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tested to failure, and yet some have still proposed theories for the behaviour of the shear connection. 
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While the main purpose here is to review the very latest concepts researchers have had concerning the 
nature of the shear connection which develops between steel decking and concrete, it is still useful to 
describe some of the earlier work beginning with the first significant small-scale tests. 
Porter and Ekberg (1971) illustrate a push-out test which was used in an attempt to relate maximum 
push-out force with the moment capacity of slabs with the same shear span. However, Plooksawasdi 
(1978) explains that due to (unexplained) difficulties, the procedure was ultimately not recommended. 
He developed an alternative small-scale pull-out test from which he obtained force vs slip 
relationships of the form shown in Fig. 2, and thus showed that slip did not occur until adhesion bond 
suddenly broke, and "mechanical bond" was then assumed to act which was "very dependent on the 
panel configuration and especially on the types of shear transfer lugs". Elastic theory was used to 
predict the moment capacity of composite slabs with a symmetric two-point loading arrangement. The 
primary term in the strength equation was the maximum force from the pull-out test (Hup in Fig. 2) 
times an estimated effective depth. The tests were performed under force control (up to slips of about 
5 mm), and therefore the shape of the unloading branch was not determined in any of the tests. 
Stark (1978) performed push-out tests in order to determine the shear connection performance of a 
particular type of steel decking, although the force vs slip relationships were not reported. Attention 
focussed on the mechanical interlock it developed, which was described as "tough" implying that it 
was ductile. From the tests, the shear capacity of each embossment was estimated by dividing the 
maximum load applied in a push-out test by the total number of embossments. Therefore, this 
mechanical resistance was assumed to be distributed along the length of a sheet in accordance with the 
disposition of embossments. In the case of plain, unembossed sheets, he described that once adhesion 
bond is broken and slip occurs, friction between the two materials comes into play, although the 
resistance to longitudinal slip is weaker than that developed by adhesion. 
Bode and Hanenkamp (1978), Bode (1980) and Roik, Bode and Hanenkamp (1980) investigated the 
shear connection performance of plain, dovetailed steel decking with end anchorage. They concluded 
that once adhesion bond is completely destroyed, uniform "frictional" resistance develops along the 
length of the sheet with slip and likened it to the "tough" mechanical interlock described by Stark. 
They assumed that the strength of this frictional resistance could be expressed as a longitudinal force 
developed per unit area of sheeting, and estimated its magnitude from pull-out tests although they 
were openly critical about this approach and checked their results against the findings of others. 
Furthermore, they doubted whether trapezoidal profIles without an interlocking shape could develop 
this frictional resistance. Roik and Hanenkamp (1988a,b) explain that the frictional resistance is 
ignored in calculations when designing for dynamic loads. 
Obviously stemming from the work of Roik, Bode and Hanenkamp, Eurocode 4 (CEN 1992) 
introduces the term "frictional interlock" (as distinct from mechanical interlock which is reserved for 
profIles with embossments or indentations) to describe the shear connection, developed by profIles 
with a re-entrant form, after the breakdown of adhesion bond (Bode and Storck 1990, Bode and 
Sauerborn 1992a,b, Bode 1992). This concept is reinforced by Crisinel (1990, 1991) and Buche 
(1991). 
Schuster and Ling (1980) have proposed that when a slab incorporating an embossed steel decking 
cracks, the shear connection in the region of the crack initially takes the form of a non-linear 
"mechanical interlocking resistance". Once this is exceeded, it reverts into a constant "frictional 
interlocking resistance", noting that they refer to embossments as "interlocking devices". An 
assumption is made as to the distribution of these two types of resistance along the shear span of a 
composite slab. No direct physical evidence was given to support the proposed model, either in the 
form of pull-out test results or the results of carefully-instrumented slab tests. 
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Seleim and Schuster (1982, 1985) state that prior to the concrete cracking, it is the embossments 
(rather than adhesion bond) which transmit the shear force developed between the steel decking and 
the concrete. They explain that once a crack forms, the sheeting and the concrete separate vertically 
causing embossments to become disengaged with a resulting degradation in longitudinal slip 
resistance, a weakening process which is supposed to continue until eventually a shear-bond failure 
occurs when the concrete shear span becornes completely disengaged from the steel sheeting. 
However, it is interesting to note that Schuster and Suleiman (1986) describe a series of tests where 
the primary failure mode of the slabs was by shear-bond, and yet they state that " ..... in no case was 
there disengagement of the concrete shear span from the steel deck. In fact, the specimens remained 
extremely well interlocked, even after failure.", which is contrary to the earlier ideas of Seleim and 
Schuster. Similarly, Schurter and Schuster (1986) report another series of slab tests where the 
embossments did not become disengaged and yet the slabs only failed by shear-bond. Nguyen (1988, 
1991) reports the testing of a narrow type of composite beam with an embossed channel cast in its 
soffit to form the longitudinal tensile reinforcement. The channel lips were cast integrally with the 
concrete and prevented complete disengagement, but shear-bond failures still occurred. 
Bridge (1977,1984) refers to adhesion bond as "surface bond" or just "bond", and explains that further 
"frictional forces" can develop depending on the profile shape, while "mechanical connection" can 
arise from the presence of dimples or shear tabs. 
Temple and Abdel-Sayed (1978) explain that after first slip occurs, adhesion bond is broken and 
mechanical interlock develops between the sheeting indentations and the concrete to resist longitudinal 
slip. 
Lawson (1983) recites the shear connection model of Seleim and Schuster (1982, 1985), while in a 
later publication (Lawson 1989) explains that slippage is controlled by "a combination of friction and 
chemical bond ....... , followed by mechanical interlock after initial slippage has taken place.". Lawson 
(1989), Lawson and Jolly (1989) as well as Wright, Evans and Harding (1985) also propose that the 
regression constants m and k of the shear-bond method (ASCE 1984) broadly define the mechanical 
interlock and chemical or "friction" bond components of longitudinal slip resistance, respectively. 
However, this can be shown to not be the case, at least when mechanical interlock and friction 
dominate the behaviour (patrick 1994). 
Prasannan and Luttrell (1984a,b) state that adhesion bond "is brought about by friction and chemical 
bonding at the steel-concrete interface", and claim that the "frictional contribution mainly depends on 
the shape of deck cross-section and the steel panel surface conditions". They further state that while 
adhesion bond is being broken down "graphical studies of moment values plotted against different 
shear span lengths indicate that mechanical bonding from lugs may also be present at this stage". 
Finally, once adhesion bond is destroyed, they state that "all the interface shear has to be taken up, 
mainly by the mechanical bonding from lugs, and to a lesser extent by friction". Stivaros (1984) and 
Luttrell and Prasannan (1984) liken the behaviour of embossed steel decking to that of a hollow, 
deformed reinforcing bar. They imagine that adhesion bond will be present when the inclined 
resistive forces act on the embossments, unless the walls of the hollow bar deflect in under the action 
of the inclined forces; however, this is contrary to the description given in Section 2.1, where it was 
explained that, in general, the bar deformations do not act until adhesion bond is completely destroyed 
and slip ensues. Further papers by Luttrell (1986), Luttrell (1987a), Luttrell (1987b) and Luttrell 
(1993) present no further information concerning the perceived behaviour of the shear connection. 
Wright, Evans and Harding (1985, 1987) refer to chemical and mechanical bond in a crude 
explanation of slab behaviour. They infer that chemical bond may be broken down without flexural 
cracking, and then state "After initial (end) slip has occurred at the breakdown of shear bond (chemical 
bond), the concrete slab separates, lifts and rides over the embossments and collapse occurs.". Wright 
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and Evans (1987) elaborate further that re-entrant profiles develop (longitudinal) frictional forces on 
account of "vertical bond", and that "improved friction can be created by rolling embossments in the 
steel". Wright (1988, 1990) again only refers to chemical and mechanical bond, and states that 
"mechanical bond is provided by embossments rolled into the webs of the profile" and that "up to 2 
mrn of movement can be resisted before collapse occurs". Papers by Evans and Wright (1988) and 
Wright and Evans (1990) offer no further insight into their perception of shear connection behaviour. 
Daniels (1988) interpretation of the literature at the time was that three different actions resist 
longitudinal slip, viz.: "chemical bond" due to adherence of the cement paste to the steel sheeting; 
"frictional resistance" proportional to the application of lateral force between the steel sheeting and the 
concrete; and "mechanical resistance" due to physical interlocking of concrete and steel sheeting as 
occurs at embossments. However, he went on to argue that the term "bond" should only refer to 
resistance developed by chemical bond "before the initiation of end-slip", and that frictional and 
mechanical resistances were really due to the same phenomenon (Le. surface roughness) but on a 
different scale, whereby they could both be generally referred to as "embossment resistance" which 
was assumed to develop after the initiation of end-slip. 
Neulichedl (1990) explains that adhesion bond and friction develop between the two materials, the 
latter being the far more important effect. Friction is said to develop on account of a number of 
factors including surface friction due to pressure across the interface and transverse contraction of the 
steel sheeting under load (assuming J,L=0.3), and distributed mechanical items such as embossments. 
Oehlers (1993) states with regard to the shear connection between steel decking and concrete that 
"shear strength of this interface depends on chemical bond, protrusions and indentations in the profile 
and friction across the interface" 
Li and Cederwall (1992a,b) have developed a small-scale test (see Section 3.2.2) which gives a force 
vs slip relationship of a similar form to that shown in Fig. 2, and use the first and second peaks to give 
a measure of the adhesion bond and "indentation resistance", respectively. They argue that vertical 
separation of the sheeting and overall bending of the slab are important effects which will influence 
the force vs slip relationship obtained from a small-scale test. 
In conclusion, it is worth pointing out that despite the prominence it is given, most of the 
American/Canadian literature on the behaviour of composite slabs contains practically no explanation 
for, or a discussion of, the nature of the shear connection between steel decking and concrete. This is 
the case for the following papers, which accordingly have been omitted from the discussion above: 
(Ekberg and Schuster 1968), (Schuster 1970,1976), (Porter and Ekberg 1975a), (Porter and Ekberg 
1975b), (Porter et al. 1976), (Porter 1978), (Porter and Ekberg 1980), (Roeder 1981), (Abdel-Sayed 
1982), (Porter and Greimann 1984), (Porter 1986), (McCuaig and Schuster 1988), (Abendroth and 
Porter 1989), (Porter 1990), (Young and Easterling 1990), (Easterling and Young 1992), (Easterling 
1992), (He agler, Luttrell and Easterling 1992) and (Heagler 1993). 
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3.2 Test Methods 
3.2.1 Introduction 
Many attempts have been made in the past to develop a small-scale test designed to determine the 
shear connection perfonnance of steel decking. Some of these tests are reviewed in Section 3.2.2. 
Attention has primarily focussed on determining the maximum resistance to slip once adhesion bond is 
destroyed, although a load vs slip relationship has also been determined from some of the tests such as 
is shown in Fig. 2. 
It is apparent from the discussion above that various researchers have realized that it is possible for 
friction and mechanical interlock to contribute together towards longitudinal slip resistance, which, as 
discussed in Section 2, is also the case for deformed reinforcing bars. Therefore, after the breakdown 
of adhesion bond, the force measured in a pull-out test like that shown in Fig. 1, or in one of the tests 
described in Section 3.2.2, will generally comprise a component due to friction and another due to 
mechanical interlock, although their relative importance will nonnally be unknown. 
For the purpose of this paper, it is important to define frictional resistance which develops at the 
interface between the concrete and the reinforcement (be it defonned reinforcing bars or steel decking) 
as the component of longitudinal slip resistance affected by a change in the magnitude of the lateral 
force or pressure acting across the interface. The corollary to this defInition is that the remainder of 
the longitudinal slip resistance is mechanical in nature and unaffected by a change in the magnitude 
of the lateralforce or pressure. 
To the best of the authors' knowledge, the Slip Block Test is the fIrst test which allows the magnitude 
of the frictional and mechanical resistances developed between steel decking and concrete to be 
determined separately (Patrick 1990a,b, 1994), (Patrick and Bridge 1993). This not only means that 
values for the parameters ~(s) and Hint(s) which represent these frictional and mechanical resistances 
can be determined from a single test, but also, and most importantly, that the magnitude of the 
mechanical resistance is not overestimated. It is possible in other tests that this will occur since lateral 
pressure of unknown magnitude is always developed which causes frictional resistance. 
3.2.2 Description of Tests 
Abdel-Sayed et al. (1974) perfonned pull-out tests on specimens comprising two opposing upright 
pieces of trapezoidal steel decking with concrete cast between them. The embossed sheets were a full 
module in width, although the lap joint was not included in the test specimen, which can be an 
important consideration in general (Patrick 1990a). The sheets protruded above the top of the concrete 
and were welded to a thick steel plate which was pulled in tension while the concrete was held down. 
The force vs slip relationships were detennined from the tests, but only the ultimate bond stresses 
were reported. These values were compared with values of bond stress determined from the results of 
slab tests, and were found to be approximately twice as great. Unfortunately, rather than investigating 
an alternative method for calculating bond stress, it was concluded that "allowable bond stresses for 
design purposes should be determined from beam tests", implying that the pull-out test gave 
unsatisfactory results. 
The specimen in the pull-out test devised by Plooksawasdi (1978) consisted of two pieces of steel 
sheeting one steel rib wide placed back-to-back and bolted together over the top region through a thin 
steel plate. The lower region had an infIll material (celotex) sandwiched between the sheets to keep 
them apart and prevent concrete from filling this gap. A concrete block (nonnally uureinforced) was 
cast around the steel sheets that fully encased the steel specimen. Force was applied to the steel plate 
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in-line with the sheeting ribs, while the concrete was supported on its outside edges. During slab tests, 
it was observed that the sheeting edges tended to curl away from the concrete. Therefore, 
Plooksawasdi investigated bending the edges of the sheets in the pull-out specimens into different 
shapes in order to improve the agreement between the theoretical predictions using the pull-out test 
with the results of slab tests. It is interesting to note that because the sheeting edges in the pull-out 
specimens were cast in concrete, some of the details investigated had a major effect on the test results. 
For example, the detail which had most effect was to bend the edges at right-angles into the concrete, 
which is consistent with the authors' own findings (Patrick 1990a). Moreover, the edge detail used in 
most of the test specimens was shown to have a significant effect on the force vs slip relationship. It 
can therefore be concluded that neither the accuracy of the pull-out test to represent the behaviour of 
the sheeting in a slab, nor of the proposed theory to model the behaviour of a composite slab at 
ultimate load could be established. However, it is a pity that this promising initial work by 
Plooksawasdi was not developed further. He appreciated that significant benefits would be gained by 
using a small-scale test to obtain direct information concerning behavioural parameters, thus 
considerably reducing the number of slabs that had to be tested, citing sixteen as normal for a single 
profIle. 
The push-out specimen used by Stark (1978) was identical in principle to that used by Abdel-Sayed et 
al. (1974) except that a plate was not welded to the protruding sheeting. It was tested as a 
conventional push-out specimen with a compressive force applied to the concrete in-line with the 
sheeting ribs with the ends of the sheets seated on a base. Like Plooksawasdi, Stark also had difficulty 
with the edge conditions of the sheeting, and laterally supported the outer webs (again, with the lap 
joint omitted). He used conventional partial shear connection strength theory used in the design of 
composite beams to estimate the shear capacity of each embossment from slab tests, and attributed a 
15 per cent greater capacity in the push-out tests to the different support conditions of the sheeting 
edges. 
Bode and Hanenkamp (1978) describe having used a pull-out test specimen very similar to that of 
Plooksawasdi (1978). However, the. steel sheets were fitted with end-anchorage devices, the primary 
purpose of the tests being to determine their ultimate shear strength, and accordingly the force vs slip 
relationships were not presented. 
Ballantyne (1981) conducted pull-off tests on small slab segments incorporating Bondek steel decking. 
With the specimen horizontal, the sheeting was gripped and a steel frame, reacting on the concrete, 
was pulled in the direction of the sheeting ribs. Only the maximum load at which slip occurred was 
recorded in the tests, noting that this would have corresponded to sudden adhesion bond failure 
bearing in mind the very weak mechanical interlock developed by this profIle. The results of the pull-
off tests were compared with the results of concurrent slab tests by calculating local bond stresses in a 
similar fashion to Abdel-Sayed et al. (1974). Poor agreement was obtained, but unlike Abdel-Sayed et 
al., his pull-off results were lower than those calculated from the slab tests. It was noted that the 
sheeting pans separated from the concrete during the tests, and accordingly the test set-up was blamed 
for the low results. 
Schurter and Schuster (1986) cast smooth steel strips in concrete and measured their pull-out 
resistance to investigate the effect different coatings had on the strength of adhesion bond. 
Jolly and Zubair (1987) describe how they used a push-off test to compare the performance of 
different embossment shapes and arrangements on a profIle with a dovetail rib. The relationship 
between maximum applied load (which corresponded to complete adhesion bond failure) and number 
of embossments was obtained for the situations examined. The specimens were constructed by casting 
two blocks of concrete on top of and at opposite ends of a piece of sheeting (cf. Ballantyne 1981). 
They were tested by pushing the blocks apart (cf. Porter and Ekberg 1971). Slip was measured but no 
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force vs slip relationships were presented. The results were not used to predict the ultimate strength of 
any composite slabs. Similar tests have also been performed in the past by pulling the blocks together, 
e.g. (CTB 1980). 
Hassaine (1987) tested individual embossments fixed directly to a steel base with a cube of concrete 
cast over the embossment, noting that only some of the embossments were from real products. Other 
"embossments" as large as 15 mm high, 70 mm long and 35 mm wide were also tested in order to 
increase the magnitude of the resistive force. The steel base was fixed to a test rig and the concrete 
block pushed horizontally on one side with the embossment appropriately orientated. However, it was 
concluded that the conditions of the test were unrepresentative of those in a slab. A set of highly 
variable results was also obtained from testing slabs incorporating the real products. 
Tschemmernegg and Neulichedl (1988) describe a pull-out test where a concrete block is cast on top 
of one end of a piece of sheeting which is a full module in width (lap joint omitted, however). During 
the test, the exposed end of the sheeting is orientated vertically, and pulled in tension in the direction 
of the sheeting ribs while the concrete block is firmly bolted down. Force vs slip relationships are 
obtained from the test which typically display a sudden drop in force when adhesion bond is-
completely broken and the sheeting suddenly relaxes with a resulting slip of 2 to 3 mm. Thereafter, a 
steady resistance to slip develops, at least for the product tested. The length of the sheeting in contact 
with the concrete can be varied, and relationships between bond stress and contact length have been 
developed, noting that they found the bond stress to be essentially constant once adhesion bond is 
broken and sufficient slip has occurred. Neulichedl (1990) briefly describes a modified version of the 
test where lateral pressure is applied uniformly over the exposed face of the steel decking in order to 
simulate the effects of the weight of the concrete and service loads applied to the slab. Representative 
shear-stress vs slip relationships (including a short portion to model adhesion bond and a much longer 
portion to model "friction") are used in a commercially-available finite-element package to predict 
slab behaviour. 
Daniels (1988) used a pull-out test very similar in principle to that devised by Plooksawasdi (1978) in 
order to study the shear connection performance of a wide range of steel decks. However, the 
concrete block did not envelope the whole of the steel specimen, which made it possible to apply 
pressure across the interface between the sheeting and concrete while performing the test. Daniels 
considered this important (apart from being necessary to keep the blocks in place while conducting the 
test) since he imagined that in a slab, lateral pressure is developed across the interface depending on 
the following situations: 
• prior to the slab cracking in flexnre, it is assumed that the pressure equals the weight of the concrete 
during the pouring of the slab; and 
• once the slab cracks under service loading, it is assumed that the live load adds directly to the 
pressure of the concrete weight. 
Daniels concluded that the lateral pressure in a slab would be uniformly distributed over the whole 
area of the slab independent of span, and that its magnitude would be somewhere between these two 
extremes. The lateral pressure was applied via a bolted frame which was used in either "force control" 
(Le. springs were included on the bolts) or "displacement control" (i.e. no springs), and the bolt forces 
were measured with load cells. After conducting many pull-out tests, his final conclusions (Daniels 
1990) were that more consistent results were obtained by using force control, and that the magnitude 
of the force only had a slight influence on the behaviour of the test specimen when the pressure was 
less than the equivalent of 800 mm of concrete, while shear resistance increased slightly at higher 
pressures. 
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At this point it should be noted that an entirely different approach to lateral (or vertical) interfacial 
pressure to that by Daniels has been taken by the authors to fonnulate new partial shear connection 
strength theory (Patrick 1990b). It is assumed that the pressure is only significant in magnitude at slab 
supports, where most of the support reaction is transmitted directly through the sheeting pans into the 
concrete. This interfacial pressure gives rises to a frictional resistance which resists longitudinal slip 
and its magnitude is proportional to the magnitude of the support reaction. This is a new discovery in 
the field and a similar theory has not been proposed by any known previous researcher. It has been 
confmned experimentally that this frictional resistance can have a very significant effect on the 
ultimate strength of a composite slab (patrick 1994). 
The force vs slip relationships obtained by Daniels essentially take the same fonn as those obtained by 
Plooksawasdi (see Fig. 2), except that Daniels applied the tensile force in displacement (Le. position) 
control and was therefore able to measure resistance at any desired slip, irrespective of how this 
resistance varied. (Daniels and Crisinel (1993b) report that some initial erratic behaviour occurs 
before both blocks slip, and it is nonnal in tests of this type for one block to behave differently to the 
other which requires the results to be averaged.) Thus, it was possible to measure off-loading 
branches. These relationships have been used to represent the shear connection perfonnance of steel 
decking in numerical and finite-element models to predict the behaviour. of simply-supported and 
continuous composite slabs (Bode, KUnzel and Schanzenbach 1988), (Daniels, Nussbaumer and 
Crisinel 1989), (Daniels, Isler and Crisinel 1990), (Daniels, O'Leary and Crisinel 1990a,b), (Daniels 
1990), (Ren and Crisinel 1992), (Daniels and Crisinel 1993a), (Daniels and Crisinel 1993b). 
However, the frictional resistance, described above, which develops at supports due to the 
concentrated nature of the reactions has been ignored in these fonnulations. 
Airumyan et al. (1990, 1991) used a relatively crude push-out test to compare the perfonnance of 
different embossments to resist longitudinal slip. The specimens comprised a block of concrete 
sandwiched between embossed sheets of steel, noting that a plain sheet was also tested for reference 
purposes. The testing frame comprised two parallel steel plates between which each specimen was 
placed. From a photograph, it appears that a strip of compressible material such as rubber was 
inserted between each embossed sheet and the adjacent steel plate, which would have unrealistically 
supported the sheets from deflecting laterally. Force vs slip relationships were only obtained for slips 
up to about 0.3 mm, and for some unknown reason, there was no sign of the effects of adhesion bond 
despite the embossed sheets having been cleaned. 
Li and Cederwall (1992a,b) propose that small 
slabs like that shown in Fig. 3 should be tested to 
obtain the force vs slip relationship for steel 
decking. It can be noticed that the sheeting only 
extends over the middle portion of the span, and 
that there is gap in the concrete at mid-span. Inha 
(1992) has perfonned similar tests although with 
the sheeting extending onto supports to study end-
anchored slabs. The following potential problems 
are immediately apparent with the specimen of Li 
and Cederwall. 
Fig. 3 
--- Transducer -9-» Digital Transducer 
Small-Slab Test proposed by Li and 
Cederwall (1992a,b) 
• It would be more expensive to construct and considerably more difficult to handle than a nonnal 
slab, which eliminates a major advantage in performing a small-scale test. 
• The resultant tensile force in the 
sheeting and its line of action cannot 
be calculated exactly since 
immediately loading begins, bending 
would be induced in the sheeting at 
mid-span. (However, two load cells 
could be used in place of the top 
roller shown in Fig. 3 to measure the 
compressive force directly, which is 
equal in magnitude to the resultant 
tensile force.) 
• "Shear or flexural peeling" as 
defined by Oehlers (1990) could 
occur, noting that by terminating the 
sheeting prior to the supports, any 
tendency for vertical separation Fig. 4 
between the two materials is greatly 
amplified. Naturally, these 
348 
Bondek II Slab fitted with Support Plates prior 
to Concrete Pour 
secondary failure modes are undesirable since they do not occur in normal composite slabs. 
The author has performed a test on a composite slab with a very short span (L=600 mm) in which the 
sheeting ends were unsupported from below, similar to Fig. 3. The slab specimen ABP.D07 
incorporated Bondek II steel decking, and steel support plates were fitted through large holes cut 
through the pans of the sheeting as can be seen in Fig. 4. A 10 mm wide gap was left between the 
plates and the sheeting to ensure that the plates did not resist longitudinal slip. This gap was filled 
with silicone to prevent concrete leakage. During the test, the slab was supported such that the support 
reactions were only applied through the steel plates and not through the sheeting. The dramatic effects 
of a secondary "peeling" failure are evident in Fig. 5 which occurred prematurely when the slab was 
tested to failure. In contrast, an 
otherwise identical slab specimen 
ABP.D06, which was constructed 
normally with the sheeting left intact 
over the supports, was tested at the 
same time. It failed in longitudinal 
slip, with only slight vertical separation 
occurring between the sheeting and the 
concrete over the mid-span region. 
There was no sign of a "peeling" failure 
(see Fig. 6). 
The load vs mid-span deflection curves 
of the two slabs can be directly 
compared with each other in Fig. 7. It 
is clear that the end support conditions Fig. 5 Overall View of Slab ABP.D07 showing 
had a dramatic effect on the overall "Peeling" Failure 
performance of the slabs (viz. stiffness 
and ultimate strength), and the following observations are made with respect to Fig. 7. 
• The "peeling" failure in slab ABP.D07 occurred suddenly when the mid-span deflection was 
slightly in excess of 3 mm (see second peak in Fig. 7(b)). Prior to this point in time, there were no 
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visible signs of delamination and the slab appeared to be intact. The sudden drop in load which 
occurred when the slab fIrst cracked at mid-span (i.e. fIrst peak in Fig. 7(b)) was associated with a 
sudden increase in end-slip of about 0.25 mm at one of the ends, which then progressively 
increased as load was further 
applied . 
• In contrast, when slab ABP.D06 
cracked at mid-span at a similar 
load, the load only dropped very 
slightly and the end-slips were far 
smaller than for the other slab. This 
implies that frictional resistance 
developed between the sheeting and 
the concrete in the region of the 
support reactions would have played 
a signifIcant part in controlling slip, 
even at this early stage of the test. 
• The "peeling" failure approximately Fig. 6 
halved the ultimate strength of slab 
ABP.D07, in which case the 
Side View of Slab 
Longitudinal Slip Failure 
ABP.D06 showing 
resultant tensile force in this slab would have only reached about half that in slab ABP.D06. 
400,-----------------------------------, 
It can be concluded that very different 
(resultant tensile) force vs slip 
relationships would have been derived 
from these two tests, despite the fact that 
except for the end conditions, the two 
slabs were practically identical to each 
other (Le. they had the same steel 
decking, concrete properties, etc.). 
Therefore, a slab specimen of the type 
proposed by Li and Cederwall, which has 
very different details to a normal slab, 
cannot be recommended as a means for 
determining the force vs slip relationship 
of steel decking. 
3.3 Performance Requirements for 
Adequate Shear Connection 
No requirements are given in any design 
Standards for composite slabs (e.g. 
ASCE Standard, BS 5950: Part 4 (BSI 
1982), Eurocode 4) which specifically 
define the performance for adequate 
shear connection. In practice, any 
product can be used (albeit within 
specifIc span and load intensity limits) 
provided the geometry of the profIle and 
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(b) Slab ABP.D07 (support reactions through steel 
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It is commonly believed that the Initial Dynamic Test specified in BS 5950: Part 4 (and also in 
Eurocode 4) is perfonned in order to completely destroy adhesion bond prior to statically testing the 
slab to failure (Wright and Evans 1987, Lawson 1989), thereby preventing products with excessively 
weak shear connection from being used in practice. However, this is not the case since the Standard 
does not specifically require this, and the amplitude of the load cycles can be chosen at any level 
desired. For example, if the span of such a test specimen is kept below a certain limit, the cyclic 
loading will not even crack the slab, even if it corresponds to the highest value of imposed loading 
considered practical. . 
As explained in Section 2.3.1, defonned reinforcing bars in accordance with BS 4449 are deemed to 
have adequate bond provided they do not pull out of the concrete too readily. This means they must 
develop a certain amount of mechanical interlock per unit length of bar noting that, according to BS 
4449, this requirement is independent of the grade of steel used. It is important to note that no 
perfonnance requirements exist concerning the ductility of this resistance which tests have shown can 
be quite poor even when the bars are well confined. 
For steel decking, its usage as longitudinal tensile reinforcement (as currently defined in composite 
slab design Standards) would, in general, be considerably improved if minimum perfonnance 
requirements were established for both the strength and ductility of the shear connection. 
4. Conclusions 
The work of researchers relating to concepts concerning the shear connection perfonnance of steel 
decking has been reviewed in this paper. In the process it was necessary to review the literature 
covering bond developed by defonned reinforcing bars. 
It has been explained that it is well understood that defonned reinforcing bars rely strongly on 
mechanical interlock for adequate bond; and that adhesion c~ be ignored. However, the role of 
friction is less clear, particularly when lateral pressure is applied across the interface. Future 
investigations into this latter subjeCt could well benefit by defining frictional resistance (Le. see 
Section 3.2.1) as the component of longitudinal slip resistance affected by a change in the magnitude 
of the lateral force or pressure acting across the interface. This is the key to determining the shear 
connection perfonnance of steel decking using the Slip Block Test, whereby the lateral pressure is 
reduced during the test as a means of inducing slip. This special procedure, described elsewhere 
(patrick and Bridge 1993), permits the separate contributions of mechanical interlock and frictional 
resistance to be determined. The same principle could possibly be applied in pull-out tests perfonned 
on defonned reinforcing bar. 
Defonned reinforcing bars must develop strong mechanical interlock for efficient anchorage such that 
flexural members crack in a reasonable manner and have a short-tenn load-deflection response which 
is free of sharp discontinuities after the onset of cracking. The ductility of the bond does not appear to 
be important provided bond failures are eliminated. This is the nonnal approach in design. 
The actions which control the shear connection perfonnance of steel decking have to-date been much 
less well. understood than for defonned reinforcing bar. Perhaps the major achievement of the 
authors' prior work has been to unravel some of the mystery surrounding this subject, and to 
conclusively show that mechanical interlock and friction are also the primary actions for this type of 
reinforcement. The small-scale tests which have been developed by other researchers to investigate 
the shear connection perfonnance of steel decking all fail to show that this is the case. Therefore, the 
Slip Block Test has a major advantage over these tests in this regard. Slip blocks are also very much 
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easier to construct than any of the other types of specimens examined. They are also very easy to test 
once a suitable test rig has been built. 
When the full potential of steel decking acting as effective longitudinal tensile reinforcement in 
composite slabs becomes more widely appreciated, products which exhibit weak mechanical interlock 
will become uneconomic and hopefully fade out of existence. Currently, these products cause 
questions to be raised about the reliability of steel decking to act as reinforcement, and complicate 
design for both the serviceability and strength limit states. This process would be greatly accelerated 
if the minimum acceptable shear connection performance of steel decking was specified directly in 
future composite slab design Standards. Experience has now shown that it is just as easy to fabricate a 
profile with strong mechanical interlock as a profile with weak mechanical interlock. The processes 
for determining the difference have now been established. 
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Characteristic compressive cylinder strength of concrete 
Total mechanical interlock developed between the sheeting rib/s and the concrete in a slip 
block at slip s 
Maximum force in pull-out test (see Fig. 2) 
Ordinate intercept of shear-bond regression line 
Slab span measured between centres of roller supports 
Shear span measured between centre of loading point and centre of nearer roller support 
Slope of shear-bond regression line 
Portion or all of the superimposed load applied to a slab, complising the jack load and the 
weight of the loading frame 
Applied load in a test, inclusive of slab and loading frame weight 
Coefficient of friction developed between the sliding surfaces in a slab at slip s 
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